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Automated Lung Nodule Detection at
Low-Dose CT: Preliminary Experience
Objective: To determine the usefulness of a computer-aided diagnosis (CAD)
system for the automated detection of lung nodules at low-dose CT.
Materials and Methods: A CAD system developed for detecting lung nodules
was used to process the data provided by 50 consecutive low-dose CT scans.
The results of an initial report, a second look review by two chest radiologists, and
those obtained by the CAD system were compared, and by reviewing all of these,
a gold standard was established.
Results: By applying the gold standard, a total of 52 nodules were identified
(26 with a diameter  5 mm; 26 with a diameter >5 mm). Compared to an initial
report, four additional nodules were detected by the CAD system. Three of these,
identified only at CAD, formed part of the data used to derive the gold standard.
For the detection of nodules >5 mm in diameter, sensitivity was 77% for the initial
report, 88% for the second look review, and 65% for the CAD system. There were
8.0 5.2 false-positive CAD results per CT study.
Conclusion: These preliminary results indicate that a CAD system may
improve the detection of pulmonary nodules at low-dose CT.
n recent years, low-dose spiral CT has been used as a screening tool for
lung cancer detection (1 3). The analysis of CT images in the detection
of lung nodules is a demanding task and one that is repetitive and bur-
densome, and -since it mostly involves the inspection of normal images - oversight er-
rors are likely. Because of incorrect nodule identification, lung cancers are, in fact,
likely to be missed. According to published reports, over looked nodules were typical-
ly small (of the order of 4 6 mm), faintly attenuated, adjacent to vessels, and oc-
curred in patients in whom tuberculosis had previously been detected (4, 5). 
Computer-aided diagnosis (CAD), which uses the output from a computerized
analysis of medical images as a “second opinion” in detecting and characterizing le-
sions, following up pathologic findings, and making diagnostic decisions, is expected to
improve the interpretation component of medical imaging (6). During the past decade,
advances in CAD have accelerated, with application of this technology to mammogra-
phy, chest CT (particularly for screening), and CT colonography. Various investigators
have developed a number of methods for the automated detection of lung nodules at
CT (7 14), and CAD may be a viable alternative to double reading for the detection
of lung cancer on CT images. 
The purpose of this study was to evaluate a self-developed CAD system for the au-
tomated detection of lung nodules at low-dose CT.
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IMATERIALS AND METHODS
Imaging Data
The database used in this study consisted of 50 consecu-
tive low-dose thoracic helical CT scans obtained without
the administration of contrast material in 50 subjects
[M:F=45:5; age range, 40 80 (mean, 52) years] who par-
ticipated voluntarily in a lung cancer screening program
conducted between January 2000 and December 2001.
For 37 scans, a Somatom Plus-4 scanner (Siemens,
Erlangen, Germany) was used, with the following parame-
ters: 38-mAs tube current, 120 kVp, 8-mm collimation, 16-
mm table feed per rotation, and an 8-mm reconstruction
interval. For the remaining 13, a HiSpeed scanner (General
Electric Medical Systems, Milwaukee, Wis., U.S.A) was
employed, and the settings were as follows: 50-mAs tube
current, 120 kVp, 7-mm collimation, 14-mm table feed per
rotation, and a 7-mm reconstruction interval. The data pro-
vided by the 50 scans comprised a total of 2,583 section
images (after sections representing anatomic areas inferior
to lung bases were manually excluded from each scan),
and there were 41 77 (mean, 52) sections per scan. These
data were not used in developing the classification rules of
the CAD system.
Automated Nodule Detection Method
First, using the CT image pertaining to each slice, the
lung was segmented. Since CT values are lower for the
lung region than for the chest wall, lung regions were iden-
tified using the gray-level threshold technique. Next, exter-
nal regions of the body were eliminated using the connect-
ed component labeling technique and the background
elimination algorithm. The remaining lung regions con-
tained high-CT-number parts such as nodules, vessels, and
parts of the chest wall. To delineate the lung, vessels, nod-
ules, and normal parts depicted on binary images, the edge
detection technique was used, and by employing the con-
tour-following technique, lung contour was then deter-
mined. By means of the filling technique, regions within
the lung contour were selected as lung regions.
However, this segmentation method, based on the
thresholding technique, cannot include nodules or vessels
in contact with the chest wall, and to compensate for this
error, a bridging algorithm was implemented along each
lung segmentation contour. After calculating the convexity
of each point on this contour, an imaginary bridge was suc-
cessively placed tangential to each contour point. The in-
dentation was bridged by a new contour segment that lin-
early connected its endpoints, and the image pixels newly
encompassed by the contours were included within the
lung segmentation regions.
A lung region comprised an air cluster and a cluster of
other organs, and to determine whether a structure was a
nodule candidate, the gray-level threshold technique was
applied. Most extracted nodule candidates were in vessel
regions, and in order to classify vessels and nodules, the
shape and gray value of each nodule candidate was consid-
ered. A lung nodule was generally spherical, and on a slice
image was depicted as a circle, while vessels parallel to a
slice image were seen to be oblong and were easily identi-
fied. A vessel perpendicular to a slice image, however, also
appeared as a circle, and its 3D (three-dimensional) fea-
tures thus had to be determined. For efficient detection, we
reconstructed 3D CT data from each CT slice, handling on-
ly this data. Nodule candidates were extracted by 3D re-
gion growing, and each was labeled using the connected
component labeling technique. In each candidate, volume,
elongation factor, and compactness were calculated, where
volume is the voxel number of the nodule candidate, elon-
gation factor is the ratio of the long axis to the short, and
compactness is the ratio of candidate volume to bounding
box volume (the volume of an imaginary box that contains
the nodule candidate), and these parameters characterized
the 3D shape of a nodule candidate. Although nodules and
blood vessels may both appear circular on 2D (two-dimen-
sional) slices, their 3D shapes are different. Nodules are
sphere-like and highly compact, while blood vessels are
tube-like and much less compact.
When a CT data set is analyzed in this way, nodules are
detected automatically and regions labeled as nodules are
highlighted on the images for review by a user.
Reader and CAD performance
We compared the results of the initial report, the second
look review by two chest radiologists, and those obtained
using the CAD system, and a gold standard was estab-
lished by reviewing all these results. 
All CT studies were routinely reported using softcopy
viewing which included the cine mode. Axial softcopy im-
ages were viewed stepwise and in cine mode on a conven-
tional Windows-based workstation with commercially
available M-view software (MaroTech, Seoul, Korea) and a
21-inch DR110 monitor (Dataray, Denver, Col., U.S.A.)
with a resolution of 2,048 2,560 8 bits. The initial re-
port detailed by one chest radiologist (J.G.I or J.M.G) as to
the number, size, and location of the nodules; after this
routine reporting procedure, two chest radiologists
(J.M.G., H.J.L.) reviewed the findings, reaching their con-
clusions by consensus. At that time, they were aware of
the location of the nodules mentioned in the initial report.
The readers’ experience in chest CT ranged from 6 to 27
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a personal computer (Pentium II, 1 GB RAM, Windows
2000) was used, and to assess the performance of the sys-
tem, data sets were input. Anatomic structures were suc-
cessfully segmented and candidate nodules identified. The
two radiologists who participated in the second look re-
view analyzed these findings again, using both the conclu-
sions they had drawn from their review and the results ob-
tained using the CAD system. After this repeat analysis
(the committee stage), the data relating to nodules consid-
ered def were used to establish the gold standard. 
Because our preliminary CAD system was optimized for
thin-section CT data sets, the detection of small nodules
was poor when using relatively thick-section CT data.
Thus, only nodules greater than 5 mm in diameter were in-
cluded in performance analysis.
The performance of the CAD system was evaluated with
regard to its sensitivity in terms of nodule detection and
the number of false-positive findings per case, criteria
which were also used to compare the performance of the
radiologists. Missed nodules were classified as either a de-
tection error (not mentioned or not noticed by the radiolo-
gists) or an interpretation error (mentioned or noticed, but
not regarded as a nodule). We also reviewed the causes of
false-negative findings, and measured the processing time
for the CAD system.
RESULTS
The results are summarized in Tables 1 and 2. Forty nod-
ules were initially detected, and their mean diameter was
7.2 5.0 (range 3 24) mm. Individual diameters were  5
mm (n=20), 6 10 mm (n=12), or > 10 mm (n=8). At sec-
ond look review, nine additional nodules were detected;
the diameter of six of these was  5 mm, and that of the
remaining three was 6 10 mm. After reviewing the CT
data using the CAD system, three nodules were added to
the gold standard (Fig. 1). Of the three nodules additionally
identified during the second look review, one was detected
by the CAD system (Fig. 2); compared to the initial report,
a total of four additional nodules were detected by the
CAD system. Thus, by applying the gold standard, a total
of 52 nodules were identified (diameter  5 mm: 26; diam-
eter >5 mm: 26). 
For the detection of nodules greater than 5 mm, the sen-
sitivity rate was 77% (20 of 26) initially, and 88% (23 of
26) at the second look review. In the initial report, four of
six nodules were missed because of a detection error (Fig.
3) and the other two because of an interpretation (Fig. 2).
During the second look review, one was missed due to a
detection error (Fig. 1), and two because of misinterpreta-
tion. The CAD system, without any user interaction,
achieved a sensitivity of 65% (17 of 26) for nodules >5
mm in diameter. False-negative findings arose for the fol-
lowing reasons: six nodules were seen on only one slice
(Fig. 3); one was elongated; one was less compact than the
others (Fig. 4); and in one, attached to the pleura, a seg-
mentation error was involved. One nodule, rejected the by
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Fig. 1. A 6-mm nodule in the left lower lobe (arrow) adjacent to
the diaphragm was detected only by the CAD system and missed
by radiologists, though it was visible in retrospect.
Table 1. Size Distribution of Nodules Determined by Each
Modality
Initial Second  Look 
Report Review
CAD Gold Standard
> 5 mm 20 23 17 26
5 mm 20 26 002 6
Table 2. Classification of the 26 Nodules (> 5 mm) Included
in the Gold Standard
Nodule Classification No. of Nodules
Nodules mentioned in the initial report 20
Nodules identified only during the second  2
look review
Nodules identified both at second look  1
review and by the CAD system
Nodules identified only by the CAD system 3CAD system becaused it was less compact, but accepted as
a nodule at further review, was no longer visible at follow-
up low-dose CT performed six months later, and was
thought to be focal pneumonia (Fig. 4). There were 8.0
5.2 false-positive CAD results per CT study (total, 422
false-positive findings). The processing time of the CAD
system, including the loading of images, image segmenta-
tion, preparation of 3D volume data, and analysis of 3D
nodule candidates, was approximately 60 seconds.
DISCUSSION
The goal of lung cancer screening with CT is the detec-
tion of small cancers, presumably when they are in the bio-
logically early stages of their evolution. Low-dose CT has
been shown to have a higher sensitivity for small pul-
monary nodules, which are believed to be the most com-
mon presentation of early lung cancer (1 3). 
Nodule detection is one of the challenges of CT imaging;
nodules may be missed at CT because of their small size,
low relative contrast, or location within an area of complex
anatomy (4, 5). Li et al. (5) recently described the charac-
teristics of missed lung cancer in a large low-dose screening
trial: 32 (39%) of 83 primary lung cancers detected in an
annual program and depicted on 39 CT scans were missed.
Detection errors were responsible in approximately 60%
of cases and interpretation errors in the remaining 40%.
The various factors which affect nodule recognition during
screening include reader experience and variability, CT
technique and viewing conditions, and nodule characteris-
tics. Where a large number of results are normal, fatigue
also plays a major role. Although double readings reduce
the number of missed nodules, routine double reading is
unrealistic in clinical practice; CAD, however, may be a vi-
able alternative. Armato et al. (15) stated that lung cancer
cases which had been missed were detected by the CAD
system with a sensitivity of 84% and a false-positive rate
of 1.0 per section.
In our study, a relatively small number of cases in which
data were obtained using single-section scanners were test-
ed. These were, however, independent cases that were not
used in developing the CAD system. In addition, the gold
standard was established visually by reviewing both the re-
sults of the radiologists’ readings and those obtained using
the CAD system, rather than on the basis of pathologic
findings. It has been demonstrated that inter- and intra-ob-
server variability in nodule detection affects the number of
nodules identified. Wormanns et al. (16), for example,
demonstrated that of a total of 230 nodules found by ei-
ther of two readers on 5 mm sections at 3-mm reconstruc-
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Fig. 3. A 6-mm nodule in the left upper lobe (arrow) was detected
only during the second look review.
Fig. 2. A 7-mm nodule in the left upper lobe (arrow) was de-
scribed as a fibrotic lesion in the initial report, but was identified
and categorized as a nodule at both second look review and by
the CAD system.tion intervals, 66 (29%) were graded as definite by one
reader but missed by the other. Also, the number of over-
looked nodules and false-positive diagnoses differs be-
tween readers of differing experience. In our study, two
nodules not included in the initial report and two missed
during the second look review were misinterpreted, sug-
gesting that it is difficult even for experienced radiologists
to agree whether an opacity should be considered a nod-
ule. Interestingly, one nodule, rejected by the CAD system
but accepted as a nodule by the committee, was no longer
visible at follow-up low-dose CT performed six months lat-
er, suggesting that the committee’s decision was wrong.
The criteria for the labeling of opacities as nodules are
evolving in ongoing studies of lung cancer screening and
computer-aided diagnosis; because the performance of
CAD systems is evaluated on the basis of radiologists’ deci-
sions and by using different data sets, it may be hard to
compare the performance of different systems.
Our CAD system was originally developed for thin-sec-
tion CT data; nodules visible on only one slice were not
detected in our study, a fact that explained most of our
false-negative findings. A small number of knowledge-
based schemes which aim to automate lung nodule detec-
tion at CT are under development; their reported sensitivi-
ty has ranged from 38% to 86%, with false-positive rates
5.8 per study and 5.5 per slice (9, 10, 12, 13). These sys-
tems have been developed for thick-section (5 10 mm)
imaging and have been designed and tested with lesions
that are typically 5 mm or more in diameter. For nodules
smaller than this, volume averaging using thick sections
makes automated detection difficult. Although we mea-
sured performance for nodules larger than 5 mm, our re-
sults are within the range of previous studies. Brown et al.
(14) recently reported that for a CAD system utilizing thin-
section CT data, the results were promising. As multi-de-
tector row CT becomes increasingly popular, large vol-
umes of data must be interpreted, but if CT screening for
lung cancer becomes routine, the time required to interpret
large sets of thin-section data will be prohibitive and the
development of computer-assisted nodule detection
schemes will thus be essential. When our current system
was applied to thin-section CT data, it detected nodules
less than 3 mm in diameter (results not shown).  
The results of the present study are preliminary, since
the system is still under development. Although its sensi-
tivity was relatively low, four nodules not mentioned in
the initial report were identified. For fully effective screen-
ing, however, sensitivity that is high enough for nodule de-
tection and a false-positive rate low enough to result in few
distractions are essential requirements.
In conclusion, our preliminary results indicate that a
CAD system may improve the detection of pulmonary
nodules at low-dose CT. 
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